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A B S T R A C T
Quantifying the variability of North Sea inflows and understanding the temporal variability of their physical
properties are essential for understanding, modelling and managing the ecosystems of the North Sea. The Joint
North Sea Information System (JONSIS) line hydrographic section crosses the path of the main inflows of
Atlantic water into the northwestern North Sea. We use observations from an autonomous underwater glider to
observe the inflows at high spatial and temporal resolutions. The glider completed 10 partial sections of the
JONSIS line in October and November of 2013. Key water masses of the inflow are identified; their spatial
distribution varies greatly from section to section. This is not apparent from long-running ship surveys of the
JONSIS line, which are generally several months apart. In particular, the distribution of water of most recent
Atlantic origin varies as summer stratification decays throughout autumn: at the start of the deployment it is
present as a thin layer beneath the thermocline; at the end of the deployment, it occupies the full depth of the
water column. Thermohaline flow, i.e. that which is driven by horizontal density gradients, is focused into three
or four jets (approximately 10 km wide). Jets as narrow as these have not previously been observed in the region.
We also observe baroclinic eddies. The thermohaline transport of the inflows is compared with the absolute
transport that is derived by referencing geostrophic shear to the glider's dive-average current. Thermohaline
transport (approximately 0.2 Sv) is consistently smaller than absolute transport (approximately 0.5 Sv). The
week-to-week variability in hydrography and flow structure identified in this study is relevant to on-going efforts
to define a background state against which the nature of anthropogenic changes can be assessed, and future
modelling efforts should represent the spatial and temporal variability that we have identified.
1. Introduction
The North Sea lies on the northwest European continental shelf and
separates the United Kingdom from mainland Europe (Fig. 1). The
North Sea is heavily managed and economically important, and main-
taining the health of the region's ecosystem is recognised at national
and supranational levels by the countries of the North Sea perimeter
(e.g. EU, 2008). Consequently, in recent decades, regulation has be-
come a key driver of efforts to better understand the physics, chemistry
and biology of the North Sea (e.g. Emeis et al., 2015; Johnson, 2008).
Inflow to the North Sea from the Atlantic Ocean occurs through the Fair
Isle Current (FIC; 0.5 Sv; 1 Sv = 106 m3 s−1), the East Shetland Atlantic
Inflow (ESAI; 0.5 Sv), the Norwegian Trench Inflow (1.2 Sv) and the
English Channel Inflow (0.2 Sv; Fig. 1; volume transports from Winther
and Johannessen, 2006). The waters of the Norwegian Trench Inflow
retroflect largely within the Norwegian Trench (Furnes et al., 1986) and
volume transport of the English Channel Inflow is considerably less
than that of the other three inflows (Otto et al., 1990; Winther and
Johannessen, 2006). Consequently, it is the FIC and ESAI, the north-
western inflows, that have the greatest effect on conditions in the
northern North Sea. The hydrographic properties of inflowing water
masses, combined with the rate of the inflow, exert a strong influence
on a region's ecosystem (Beaugrand, 2004; Edwards et al., 2002;
Holliday and Reid, 2001; Lindley et al., 1990) and are the means by
which oceanic perturbations may propagate into the region (Dickson
et al., 1988; Edwards et al., 2002; Holliday and Reid, 2001). An accu-
rate physical description of the inflows is a prerequisite for developing
reliable models of a region's water quality, biogeochemistry and
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ecology (Skogen and Moll, 2005; Taylor, 1987; Turrell and Henderson,
1990), and for understanding potential contaminant pathways (du Bois,
1996; Taylor, 1987).
The FIC originates to the west of the Fair Isle Gap, the narrow sea
passage between the Orkney and Shetland archipelagoes through which
the current enters the North Sea (Fig. 1). It comprises a mixture of
Atlantic water from the northward-flowing European Shelf Edge Cur-
rent and low-salinity coastal water from around the complex island
chains off the western coast of Scotland that is carried north by the
Scottish Coastal Current (Fig. 1; Dooley, 1974; Hill et al., 1997; Inall
et al., 2009; Marsh et al., 2017; Turrell et al., 1992). Within the North
Sea, the path of the FIC has been traced southward from the Fair Isle
Gap to approximately 57.5°N (Dooley, 1974; Turrell et al., 1992). The
ESAI comprises water of more recent Atlantic origin (Turrell et al.,
1992) and is fed by waters of the European Shelf Edge Current that
cross onto the continental shelf to the north of the Shetlands (Turrell
et al., 1996). Within the North Sea, the ESAI follows a similar path to
the FIC (Turrell et al., 1992). The ESAI is a more diffuse flow than the
FIC, but average transports in the two currents are of a similar mag-
nitude (Winther and Johannessen, 2006).
Present understanding of the northwestern inflows is derived from
ship surveys in the northern North Sea since at least the 1960s
(González-Pola et al., 2019). One of the primary purposes of these
surveys is long-term monitoring of the region, in order that trends as-
sociated with climate change and other anthropogenic perturbations
might be detected. Commonly separated by intervals of at least two to
four months, these surveys lack the temporal resolution needed to ex-
amine any variability in water masses and volume transport that occur
on weekly time scales. Furthermore, the spacing of casts (approximately
10 to 20 km) is such that ship surveys also lack the spatial resolution to
examine any variability that occurs on small (e.g. 1 km) spatial scales
(e.g. Sheehan et al., 2017). Where moorings have been deployed to
study the inflows, temporal resolution is high (typically 30 min)
(Turrell et al., 1992), but the distance between moorings is greater than
that between ship casts (e.g. Turrell et al., 1992). Here, we use ob-
servations collected by an autonomous ocean glider to examine water
mass characteristics in the northwestern inflows at high temporal and at
unprecedented spatial resolution over a two-month period, presenting
the most high-resolution description yet of the water masses flowing
into the northwestern North Sea. We examine velocity estimates ob-
tained by the glider and estimate the thermohaline (i.e. density-driven)
and absolute volume transport of the inflows.
Fig. 1. Map of the North Sea. The location of the JONSIS line (light blue) and the approximate paths (black lines) of the Fair Isle Current (FIC), East Shetland Atlantic
Inflow (ESAI), European Shelf Edge Current (ESEC), Scottish Coastal Current (SCC), Norwegian Coastal Current (NCC), Norwegian Trench Inflow (NTI) and English
Channel Inflow (ECI) are shown (Marsh et al., 2017; Otto et al., 1990; Turrell, 1992). The 100 m isobath is indicated by the solid grey line and the 200 m isobath is
indicated by the dashed grey line; land is shaded.
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2. Data sources and methods
The Joint North Sea Information System (JONSIS) line is a 127 km-
long zonal hydrographic section between 2.23°W and the prime mer-
idian at 59.28°N (Fig. 1; Turrell et al., 1996). The line is occupied
multiple times a year by Norwegian and British research ships and has
been for over 30 years (Sheehan et al., 2017). A Seaglider (SG502;
Eriksen et al., 2001) deployed in 2013 made 10 repeat partial sections
(Fig. 2) between 12th October and 2nd December (Berx et al., 2018).
The glider was deployed during MRV Scotia cruise 1313S (2 to 16
October 2013). 1520 dives (i.e. downcast-upcast pairs) were recovered
from the glider; a software fault on the glider resulted in the loss of
approximately 1000 dives interspersed throughout the deployment.
Dives were, on average, 20 min in duration and 300 m apart.
2.1. Quality control and interpolation
Observations were processed using the UEA Seaglider Toolbox
(www.bitbucket.org/bastienqueste/ueaseaglider-toolbox) to optimise
the hydrodynamic model of the glider's flight path (Frajka-Williams
et al., 2011) and to correct for thermal lag of the un-pumped con-
ductivity cell (Garau et al., 2011). This second process reduces artificial
spikes in salinity profiles: erroneous measurements that arise from a
mismatch between the water temperature recorded by the glider and
the water temperature inside the conductivity cell. The strength of the
thermocline in the study region (up to 0.4°C m−1) was such that
thermal lag correction alone was insufficient to remove all the spikes
(Fig. 3). To remove remaining spikes that were symmetrical about the
mean profile of each downcast-upcast pair, salinity observations at a
given depth that differed from the mean salinity at that same depth by
more than 0.01 g kg−1 were removed. The resulting gaps were filled by
linear interpolation in the vertical. To remove spikes that were not
symmetrical about the mean of an downcast-upcast pair, all salinity
casts were then smoothed with a 10 m running mean calculated over a
square window. These last two steps had little effect at the top and
bottom of casts where vertical gradients are small, but removed spikes
at the depth of the thermocline where the unprocessed observations
were clearly unphysical (Fig. 3); both steps were necessary to fully
remove spikes.
Salinity observations from the ship section completed immediately
Fig. 2. A. The location of glider dives. Filled black circles indicate dives included in the optimal interpolation; white circles indicate dives excluded from the optimal
interpolation. Dives in the exemplar section shown in panel B are shown in orange. Land is shaded grey and the JONSIS line is shown in red. See Fig. 1 for context
within the wider North Sea region. B. Glider observations of conservative temperature (°C) from an exemplar section prior to interpolation and C. after interpolation.
Note that panel C shows the extrapolated version of the interpolated observations that was used when calculating geostrophic shear (Section 2.2).
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after the glider deployment were compared with salinity observations
from the first glider section. De-spiked glider salinities from casts clo-
sest to the ship stations were interpolated onto the same depths as the
ship observations; the median difference was 0.044 g kg−1 with a
standard deviation of 0.015 g kg−1. This offset was added to the whole
time series of glider salinity observations as calibration. Observations
from four paired ship-glider profiles were used in this calculation; the
profiles were separated in time by between one and three days. A ca-
libration profile contemporaneous with the glider deployment was not
available.
Particulate backscatter intensity was calculated from the volume
scattering function observed by the glider following the method of
Green et al. (2014) and Hall et al. (2017), using a centroid angle of 124°
and a wavelength of 470 nm. The wavelength and centroid angle are
properties of the instrument. We interpret backscatter intensity as a
proxy for suspended sediment concentration. Chlorophyll concentration
(not shown) has little influence on backscatter intensity in our ob-
servations.
The processed observations were optimally interpolated using a
Gaussian weighting function (Bretherton et al., 1976). We assume that
the sections are zonal. Observations from pronounced loops in the gli-
der's path due to tidal advection were excluded, as were observations
from final dives made by the glider as it travelled south for recovery
(Fig. 2a). An exemplar section before and after interpolation is pre-
sented in Fig. 2.
2.2. Velocity and transport calculations
Prior to calculating geostrophic shear, the interpolated observations
were extrapolated to the seafloor using a nearest-neighbour method
where glider observations did not cover the entire water column. 88%
of profiles in the interpolated data set were extrapolated; the median
extrapolated distance was 9.18 m. The interpolated, extrapolated fields
were smoothed horizontally using a Gaussian-weighted running mean.
The standard deviation of the Gaussian function was 2 km, the first
baroclinic Rossby radius at the latitude of the JONSIS line.
Thermohaline velocity – i.e. flow driven by horizontal density gradients
– was derived by referencing the geostrophic shear to an assumed level-
of-no-motion at the deepest common level between adjacent grid
points. Negative velocities are southward.
Estimates of barotropic tidal velocity at the time and location of
each glider dive were obtained from the European shelf solution of the
TPXO inverse tide model (volkov.oce.orst.edu/tides; 1/30° resolution;
Egbert et al., 2010). Tidal velocities were subtracted from dive-average
current (DAC) observations. The de-tided DAC velocities were linearly
interpolated onto the same longitudinal grid as the hydrographic ob-
servations and were smoothed using a horizontal Gaussian-weighted
running mean with a radius of 2 km. To estimate the absolute velocity
profile, the shear profile was referenced to the DAC: that is, the shear
profile was adjusted by a depth-constant value so that its mean equals
the de-tided, gridded, smoothed meridional DAC velocity.
Thermohaline transport and absolute transport were derived by
vertical and horizontal integration of the thermohaline velocity and
absolute velocity respectively. We calculate both the thermohaline
transport and the absolute transport over the full width of each glider
section; we call this the full-width transport. These transports cannot be
compared over time because the width of consecutive glider sections is
inconsistent. To enable comparison of transport over time, we calculate
thermohaline and absolute transport across that portion of the JONSIS
line that is common to all 10 glider sections (Fig. 2A). This 81 km-wide
subsection is referred to as the standardised section and the associated
transports as the standardised transports.
We follow the method of Naveira Garabato et al. (2002) to estimate
transport error arising from uncertainty in the DAC estimates. For each
section, we create a set of 1000 assumed errors randomly sampled from
a normal distribution with a standard deviation of 4 cm s−1, a re-
presentative uncertainty of DACs. The assumed errors are added to the
gridded DAC observations, and for each of the 1000 sets the absolute
transport is calculated. The standard deviation of these 1000 transports
is taken to be the representative uncertainty in absolute transport
arising from the DACs.
2.3. Additional data sets
In Section 4, we compare the glider observations to SST maps and
model output. Satellite SST observations were obtained from NASA's
Multi-scale Ultra-high Resolution Sea Surface Temperature Analysis
product (podaac.jpl.nasa.gov/Multi-scale_Ultra-high_Resolution_MUR-
SST; Chin et al., 2017). The product is provided at 1/100° resolution
and combines observations from multiple sources and interpolates over
Fig. 3. A. Down- and upcast profiles profiles of absolute
salinity (g kg−1) from dive 255 (0.78°W, 17th October
2013, 04:45 UTC) at different stages of the despiking
process (see legend). B. The same two profiles plotted in
temperature-salinity space, with contours of potential
density (grey lines; kg m−3). Dncast: downcast. Raw:
uncorrected profile. CT lag corr: profile corrected to
minimise effect of thermal lag of the CT cell. Despiked:
profile corrected to remove spikes and smoothed with
5 m running median.
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gaps arising from, for instance, cloud cover. Model output was obtained
from a hindcast run of the UK Met Office's Atlantic Margin Model at
1.5 km resolution (hereafter AMM15; Graham et al., 2018), covering
October and November of 2013. The hindcast was not constrained by
observations. AMM15 is output on a terrain-following, equal-distance
(i.e. points are irregularly spaced in depth, latitude and longitude) grid.
Output was linearly interpolated, first onto constant depth levels, then
onto a constant longitude grid at the latitude of the JONSIS line
(Fig. 2A): the same as was done for the interpolated glider observations.
Thermohaline velocity referenced to the deepest common level between
adjacent grid points, and thermohaline transport through the standar-
dised section were calculated using the model output following the
same method as described above for the glider observations.
3. Results
3.1. Hydrography
Four water masses are observed at the JONSIS line ( Figs. 4 and 5).
The warmest (11.5°C) and freshest (> 35.2 g kg−1) is Scottish Coastal
Water (SCW; Fig. 4; Turrell et al., 1992), which generally occupies the
shallower western portion of the section closest to the coast (Fig. 5).
The location of SCW is variable on short (four to five days) time scales,
which was not apparent in previous ship-based surveys of the region
(e.g. Sheehan et al., 2017; Turrell et al., 1992). In sections one to three,
SCW extends eastward across the surface, overlying considerably more
saline waters immediately below. In section three, a core of SCW is
observed at the surface at approximately 1°W (Fig. 5). In section four,
some four days later (Table 1), there is no evidence of this core and the
Fig. 4. Temperature-salinity plot of interpolated observations from three sections to illustrate key features of interest: section three (black), six (orange) and 10
(blue). Contours indicate potential density (kg m−3). The 27.2 and 27.4 kg m−3 isopycnals are plotted as a solid and dashed black line respectively, as in Figs. 5 and
7. SCW: Scottish Coastal water. FIC: Fair Isle Current water. AW: Atlantic Water. CAW: Cooled Atlantic Water.
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vertical salinity gradient (not shown) is greatly reduced. In sections
four, five, six and seven, SCW is not observed, presumably because it
has retreated to shallow, western waters not sampled by the glider.
During the two months of the glider deployment, SCW cools by ap-
proximately 1.5°C (Fig. 5); this is likely a consequence of surface heat
loss over the period. In Fig. 4, we distinguish between the temperature-
salinity signal of SCW in October (SCWOct) and SCW in November
(SCWNov). The cooling increases the density of SCW by almost 0.3 kg
m−3. The salinity of SCW remains unchanged over this period.
The water mass that is cooler (11°C) and more saline (35.25 to
35.35 g kg−1; Figs. 4 and 5) than SCW is FIC water, the core water mass
of the FIC (Turrell et al., 1992). FIC water is found to the east of SCW
and overlies the cooler, more saline waters at the bottom to the east of
the section (Fig. 5). In some sections (e.g. five, six and seven), FIC water
is present as the previously described well-mixed strip of water, the
eastern extent of which overlies more saline water at the seafloor
(Turrell et al., 1992, Fig. 5); in other sections (e.g. two and three), this
distribution is disrupted by eastward extensions of SCW. From the large
number of observations that lie on the mixing line between SCW and
FIC water, we infer that a high degree of diapycnal mixing occurs be-
tween the two water masses as or before they cross the JONSIS line. We
use the same subscript notation as previously to distinguish between the
Fig. 5. Interpolated conservative temperature (°C, left), absolute salinity (g kg−1, centre) and water mass distribution (right). Water mass definitions are given in
Table 2. The 27.2 kg m−3 isopycnal (solid line) and 27.4 kg m−3 isopycnal (dotted line) are plotted. Section number is in the bottom left of each panel.
Table 1
Start and finish times of each glider section, and of the whole deployment.
Section number Start Finish
Deployment 12 October
01 14 October 17 October
02 17 October 20 October
03 20 October 25 October
04 25 October 28 October
05 28 October 2 November
06 2 November 5 November
07 5 November 9 November
08 9 November 11 November
09 11 November 19 November
10 19 November 28 November
Recovery 2 December
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temperature-salinity signal of FIC water in October and the tempera-
ture-salinity signal of FIC water in November. The observed tempera-
ture decrease in FIC water matches that of SCW (Fig. 4).
The most saline water observed by the glider (> 35.35 g kg−1;
Figs. 4 and 5) is the most undiluted Atlantic-origin water to be found in
the northwestern inflows (Turrell et al., 1992); this is known as Atlantic
Water (AW). In observations obtained in September 1987, Turrell et al.
(1992) find AW at the bottom of the water column, to the immediate
east of FIC water. They trace its path northward to the Shetland Islands,
where water of the same salinity is found at the surface, and conclude
that it subducts under FIC water as it travels southward – see the map
presented in their Fig. 7. The observations presented here suggest a
more complicated picture. The density of AW lies largely between 27.2
and 27.4 kg m−3 (Fig. 4); in the first eight sections, this density range is
found beneath the main thermocline. Consequently, AW is observed at
the JONSIS line as an often thin (approximately 10 to 50 m) bottom or
near-bottom layer, the distribution of which is highly variable (Fig. 5).
As the density distribution at the JONSIS line changes with the cooling
of the inflows, the 27.2 kg m−3 isopycnal outcrops between sections
eight and nine; it then retreats shoreward (i.e. westward) between
sections nine and ten (Fig. 5). Consequently, AW is able to occupy a
greater proportion of the JONSIS line (e.g. section 10) and, further-
more, is able to reach the surface (Fig. 5). This suggests that the sub-
duction of AW beneath lighter SCW and FIC water is likely a summer
phenomenon that depends on the degree and duration of stratification.
The coldest (> 7.5°C), densest (> 27.4 kg m−3) water observed by
the glider is Cooled Atlantic Water (CAW; Turrell et al., 1992). It is
observed only in the deepest and easternmost parts of the section
(Fig. 5). CAW is what remains of water trapped beneath the seasonal
pycnocline, its temperature being set by ocean-atmosphere exchange
the preceding winter (Turrell et al., 1992). CAW is thought to cover
large portions of the seafloor in the northern North Sea, and the hor-
izontal density gradients between it and surrounding lighter water
masses are a key driver of thermohaline circulation in the region (Hill
et al., 2008). Our observations place the limit of CAW at approximately
1°W: further west than was previously thought (Turrell et al., 1992).
The salinity of CAW (35.25 g kg−1) is lower than that of AW, and is
even slightly lower than that of FIC water (Fig. 4). This is potentially a
consequence of fresh water input from rainfall and runoff, and poten-
tially of mixing with SCW, when the water column is well mixed during
winter (Turrell et al., 1992).
CAW and AW are the most turbid water masses (Fig. 6). The highest
values of backscatter intensity are found, in the first eight sections, at
depths below the 27.2 kg m−3 isopycnal (Fig. 6); in the final two sec-
tions, the highest concentrations are found below the 27.4 kg m−3
isopycnal. Low backscatter intensities are found immediately above the
pycnocline to the east of the section, and intermediate intensities are
found in FIC water and SCW to the west of the section (Fig. 6). If we
assume the primary input of sediment comes from the seafloor, and
given that depth-mean integrated backscatter intensity is generally
fairly constant across the section (Fig. 6), the higher intensities found in
CAW and AW arise because the pycnocline traps sediment close to the
sea floor. In the west of the section, where mixing is likely stronger
(Dooley, 1974; Sheehan et al., 2017), sediment is more evenly dis-
tributed throughout the water column (Fig. 6).
3.2. Velocity and transport
Thermohaline velocity across the JONSIS line is focused into four to
six narrow, southward-flowing jets with a characteristic width of ap-
proximately 10 km (Fig. 7). The fastest of these jets have peak surface
velocities in excess of 0.3 m s−1, although the majority have peak
surface velocities of between 0.2 and 0.3 m s−1. Most of these jets are
southward and are associated with upward tilt of isopycnals towards
the east (Fig. 7), which is particularly pronounced where the 27.2 kg
m−3 isopycnal meets the seafloor. The alternating bands of northward
and southward thermohaline flow associated with either domes or de-
pressions in the isopycnals (Fig. 7) indicate the presence of baroclinic
eddies.
The absolute velocity is strongly influenced by the addition of
barotropic flow that is captured by referencing geostrophic shear to
DAC (Figs. 7 and 8). DAC is generally southward (Fig. 8). Maximum
absolute velocities are comparable to maximum thermohaline velo-
cities, but the absolute flow occurs in broad zonal bands across the
section, rather than being concentrated into narrow jets (Fig. 7). The
horizontal structure of absolute velocity changes in time (Fig. 7). In
some sections (e.g. three and four), there is southward flow across full
width of the section; in other sections (e.g. eight, nine and 10), there are
two regions of strong southward flow separated by a region of near-zero
flow. This is possibly evidence of the separation of the northwestern
inflows, the FIC being the western portion of the inflow and the ESAI
being the eastern portion of the inflow, and agrees with current meter
observations from further south that indicate the presence of separate
southward flows (Turrell et al., 1992). However, the limited widths of
the glider sections do not allow us to determine with certainty whether
the inflows are sometimes joined and sometimes separate, or whether
the inflows are always separate and are moving zonally across the
standardised section. We consider this point in the context of models in
Section 4.2.
Absolute transport is consistently greater than thermohaline trans-
port during all 10 sections, both when integrated over the full-width of
each section and when integrated over the standardised section (Fig. 9).
The mean standardised absolute transport is 0.44 Sv (mean un-
certainty± 0.018 Sv); the mean standardised thermohaline transport is
0.14 Sv. The temporal variability of standardised absolute transport
(standard deviation 0.13 Sv) is also greater than the temporal varia-
bility of standardised thermohaline transport (standard deviation
0.05 Sv). Specific examples of sharp temporal change stand out: for
instance, the 0.37 Sv increase in standardised absolute transport be-
tween sections two and three, from 0.25±0.018 Sv to
0.62±0.019 Sv. Full-width transport increases from 1.10±0.030 Sv
to 1.71±0.031 Sv between sections nine and 10; the two sections are
of similar length (78 and 85 km respectively; Fig. 9b). In contrast,
thermohaline transport does not exhibit such large short-term varia-
bility during the period of the observations. This is likely because the
processes that contribute to absolute transport in addition to thermo-
haline transport – in particular, the wind, the influence of which we do
not consider in detail here – vary on shorter time scales than the density
gradients that drive thermohaline transport. Estimates of absolute
transport across the full width of the JONSIS line are not available, but
estimates of thermohaline transport across the full width of the JONSIS
line from ship observations are available from the dataset compiled by
Sheehan et al. (2017). Two ship sections coincide with the glider de-
ployment, and both suggest that the glider sections captured approxi-
mately half of the thermohaline transport (Fig. 9a). This is likely be-
cause the glider sections are not capturing the primarily salinity-driven
thermohaline transport that occurs west of 1.5°W during autumn
(Sheehan et al., 2017).
Transport uncertainties arising from uncertainty in DAC observa-
tions are between one and two orders of magnitude smaller than the
transports themselves and the error bars of consecutive sections do not
overlap (Fig. 9a). The principal limitation of the transport estimates
Table 2
Temperature and salinity criteria used to define water mass distributions in
Fig. 5.
Water mass Temperature (°C) Salinity (g kg−3)
SCW, Scottish Coastal Water S⩽35.2
FIC water, Fair Isle Current water T⩾9.25 35.25⩽S< 35.35
AW, Atlantic Water S⩾35.35
CAW, Cooled Atlantic Water T⩽7.5
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presented above is the limited width of the standardised section, which
is clearly capturing only a part of the transport across the JONSIS line
and of the inflows, both thermohaline and absolute (Fig. 9).
4. Discussion
4.1. Atlantic Water
The full-depth spreading of AW observed during the final glider
section (Fig. 5) is likely the first phase in the formation of CAW for the
Fig. 6. Interpolated backscatter intensity (contour plots, bottom of each pair; 10−3 m−1) and depth-mean integrated backscatter intensity (line plots, top of each
pair; 10−3 m−1). The 27.2 kg m−3 isopycnal (solid line) and 27.4 kg m−3 isopycnal (dotted line) are plotted, and section number is in the bottom left of each panel
pair.
P.M.F. Sheehan, et al. Journal of Marine Systems 204 (2020) 103288
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following year, bringing AW into contact with the atmosphere until the
formation of the next year's seasonal pycnocline submerges it below
warmer surface layers. AW entering the North Sea via the northwestern
inflows, particularly at times of year when it is in contact with the at-
mosphere is therefore a key means by which open-ocean properties may
propagate into and be stored in the interior of the North Sea on inter-
seasonal time scales. Furthermore, the properties of AW entering the
North Sea in autumn and winter, before its conversion to CAW, could
therefore be of key importance to bottom-dwelling organisms, as these
properties will set the hydrographic conditions of benthic habitats for
the coming year.
4.2. Frontal jets and eddies
Frontal jets associated with the bottom front between FIC water and
CAW are a well-known feature of the northwestern inflows (Dooley,
1974; Sheehan et al., 2017, 2018; Turrell, 1992) and have been ob-
served elsewhere in the North Sea (e.g. Brown et al., 1999); but the
presence of multiple narrow jets is as yet undocumented. Multiple
narrow jets are not apparent in thermohaline velocity sections derived
from long-term, low-resolution ship observations, either when con-
sidered as seasonal means (Sheehan et al., 2017) or as individual sec-
tions (not shown); neither has their width been determined from studies
of current meter observations (e.g. Turrell et al., 1990). In the southern
North Sea, frontal jets approximately 15 km in width have been ob-
served in the region of Dogger Bank (Fig. 1; Brown et al., 1999). These
jets, slower than those reported here, were observed to border a cold
pool of water lying below the thermocline between Dogger Bank and
the eastern coast of the United Kingdom (Brown et al., 1999), a hy-
drographic setting that resembles the bottom boundary between FIC
Fig. 7. Meridional thermohaline (left) and absolute (right) velocity (m s−1). Negative velocities are southward. Tidal flows have been extracted. The 27.2 kg m−3
isopycnal (solid line) and 27.4 kg m−3 isopycnal (dotted line) are plotted (left panels only). The zero contour is indicated by the dark red line. Section number is in
the bottom left of each panel.
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water and CAW observed in this study (Fig. 5).
The presence of multiple thermohaline jets associated with the same
frontal system appears to be a new finding for the North Sea as does the
week-to-week variability in the strength, location and number of the
jets (Fig. 7). We speculate that this is because the frontal system asso-
ciated with the northwestern inflows has multiple causes, being in part
a tidal mixing front and in part a boundary between different water
masses advected to the region from elsewhere (Sheehan et al., 2018).
The interplay between these different processes of frontal formation
leads to horizontal density gradients that are more complex and more
variable than would be the case were the front a classic tidal mixing
front. The presence of these narrow jets, and the presence of eddies,
have implications for the transport of tracers, including pollutants, and
organisms at times of year – i.e. summer – when thermohaline flow
dominates in the northwestern inflows: transport pathways may be
more locally variable than if a single, broader thermohaline flow were
present.
To our knowledge, baroclinic eddies in the northwestern inflows
have not previously been observed, and likely for the same reason that
the multiple narrow jets have not previously been observed: prior ob-
servations lacked the sub-kilometre spatial resolution made possible by
gliders. Badin et al. (2009) propose that geostrophic eddies in shelf seas
may be generated at frontal boundaries by baroclinic instability during
periods when stratification is present. The presence of stratification and
baroclinic jets (Fig. 7) suggests that the frontal baroclinic instability
hypothesis of shelf sea eddy formation is applicable to the northwestern
inflows. Many previous studies have examined tidal mixing in the re-
gion (e.g. Sheehan et al., 2018; Svendsen et al., 1991; Turrell et al.,
1996), but these eddies may be an unappreciated method by which
mixing of different water masses in the northwestern inflows is
achieved (Badin et al., 2009). For example, instances of eastward de-
viation of SCW in sections one and 10 appear to be associated with
eddies (Figs. 5 and 7).
Neither the jets nor the eddies are visible in maps of sea surface
temperature (Fig. 10, top panels). Near-circular features in SST such as
are apparent during sections two, four and six could be interpreted as
eddies, but no baroclinic eddy visible in the thermohaline velocity
sections appears to have an SST signature (Figs. 5 and 10, top panels).
Thermohaline jets also lack an obvious SST signature (Fig. 10, top pa-
nels), potentially because the structure of the thermohaline jets is often
obscured by barotropic flow, which is frequently observed to be the
dominant component of the overall velocity distribution (Fig. 7). The
SST distribution does show the relatively gradual transition between
warm SCW waters in the west and cooler FIC water – and, latterly, AW
(section 10; Fig. 5) – in the east (Fig. 10, top panels), and the zonal
movement of, for instance, the 11.5°C isotherm during the first five
sections is a good indication of short-term variability in the distribution
of SCW identified in the glider observations. However, it is the bottom
Fig. 8. DAC observations, de-tided, projected onto the JONSIS line along meridians and gridded by section. Transect number is on the left-hand side.
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front, rather than surface fronts, that is the primary dynamical driver of
the frontal system (Hill et al., 2008; Sheehan et al., 2017; Turrell et al.,
1992). The SST maps conceal key dynamical features of the north-
western inflows, further demonstrating the importance of sharp bottom
fronts in shelf sea systems and highlighting the need for validating
models against high-resolution, full depth observations as can be made
by gliders.
Thermohaline frontal jets are visible in the AMM15 hindcast simu-
lation (Fig. 11), although they are broader and slower than in the ob-
servations (Fig. 7), having a characteristic width of between 10 and
20 km and maximum speeds of approximately 20 cm s−1. A comparison
of absolute surface velocity maps (Fig. 10, bottom panels) and ther-
mohaline velocity sections (Fig. 11) demonstrates that absolute surface
velocity cannot be the result of thermohaline processes alone, in
agreement with the glider observations (Fig. 7). Peak absolute surface
velocities (40 cm s−1) are approximately double peak thermohaline
surface velocities (20 cm s−1), and surface flows are far broader than
the narrow thermohaline jets, even as they appear in AMM15 (Fig. 11).
We speculate that this fast, broad flow is primarily wind-driven. A full
discussion of wind forcing of the northwestern inflows is outside the
scope of this study, but it appears that wind-driven flow switches be-
tween the FIC (from the northwest; Fig. 1) and the ESAI (from the
north-northeast; Fig. 1) during the period of the glider observations
(Fig. 10, bottom panels), perhaps as atmospheric circulation patterns
favour flow in one current over the other. When wind flow in the FIC is
strong, there is a bifurcation of the current around Fair Isle that
sometimes persists as far south as the JONSIS line, and sometimes
further south still (Fig. 10, bottom panels). This could be the cause of
the interstitial regions of near-zero absolute velocity in the glider ob-
servations (Fig. 7), rather than a separation of the FIC and ESAI
(Section 3.2; Turrell et al., 1992).
In the absence of an apparently wind-driven flow, what appear to be
thermohaline jets dominate the inflows (Fig. 10, bottom panels; section
1), which is expected when wind forcing is minimal (Turrell, 1992;
Turrell et al., 1990). We note that a southward-flowing surface jet
crossing the JONSIS line to the immediate west of 1°W is visible in the
surface velocity map (Fig. 10) and in the thermohaline velocity section
(Fig. 11) and is of comparable speed (15 to 20 cm s−1) in both. These
jets originate to the north in the Fair Isle Gap – i.e. between the Shet-
land and Orkney archipelagoes – and thus are capable of supporting
inflow to the North Sea when wind flow is weak.
There is no evidence in the model of baroclinic eddies in the region
covered by the glider sections, and there are no undulations in the 27.2
and 27.4 kg m−3 isopycnals (Fig. 11). Some eddies are visible in the
model, but they are further west (approximately 1.7°W; not shown).
They are associated with the salinity front between SCW and FIC water,
and not with the hydrographically complex bottom temperature front
that is the primary driver of both frontal and eddy dynamics in the
glider observations.
4.3. Transport
The mean absolute transport estimates reported here are higher
than those reported by Turrell et al. (1990) based on mooring ob-
servations (30-minute temporal resolution) from the autumn of 1987 at
seven locations across the northwestern inflows further south in the
North Sea. They report mean absolute transports of 0.37 and 0.39 Sv for
October and November respectively. The absolute transport of 1.71 Sv
observed during section 10 is greater than any single value reported by
Turrell et al. (1990). Their 89 km-wide section was almost three times
wider than the standardised section used here, and given that our
standardised section is not capturing a considerable amount of trans-
port in the FIC and ESAI, the transport of the inflows during the ob-
servations of Turrell et al. (1990) would appear to be lower than during
our campaign. Turrell et al. (1990) report a standard deviation of
transport of 0.29 and 0.28 Sv for October and November respectively.
This variability is greater than that reported here, but the high temporal
resolution of their mooring observations (30 min) would capture
greater variability than the glider observations.
Transport estimates are also available from models. Winther and
Johannessen (2006) model the circulation of the North Sea over a year;
they estimate a mean absolute volume transport of 0.50 Sv for the FIC
Fig. 9. A. Absolute (blue) and thermohaline (orange)
volume transport (Sv). Circles indicate full-width trans-
port in each section; dashed lines indicate transport
across the standardised section; crosses indicate thermo-
haline transport from ship-based observations of the full,
127 km JONSIS line (Sheehan et al., 2017). Error bars
indicate± one standard deviation, derived from Monte
Carlo error estimation (Section 2). Dashed black line in-
dicates thermohaline transport through the standardised
section from AMM15. Note that the y axis has been re-
versed. B. Pink lines indicate the portion of the JONSIS
line sampled by the glider in each section (pink lines). C.
The standardised section: the part of the JONSIS line
sampled by the glider in all 10 sections (black line) and
the full JONSIS line (grey line).
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and 0.49 Sv for the ESAI, giving a combined transport of 0.99 Sv for the
northwestern inflows within the North Sea. Again, the limited width of
the standardised section makes a direct comparison with our estimates
difficult, but the estimates of Winther and Johannessen (2006) are of a
similar magnitude to glider estimates of transport integrated over the
full width of each section (Fig. 9). Between October and December, Holt
and Proctor (2008) estimate mean absolute transport of the FIC through
the Fair Isle Gap to be 0.56 and 0.47 Sv from simulations at different
resolutions. These estimates exclude the ESAI, and are higher than at
other times of year. Considering the limited width of our standardised
section and the addition of the ESAI in our estimates, the estimates of
Holt and Proctor (2008) would not appear to be substantially different
from our own. A more recent and direct comparison may be made with
AMM15. Thermohaline transport in the AMM15 hindcast through the
standardised section compares favourably with observational estimates
from the glider, particularly during October, both in terms of magni-
tude and variability (Fig. 9). The lack of northward flow associated with
the eddies and the broader width of the jets would appear to com-
pensate for the reduced velocity of the jets when integrating to estimate
transport.
5. Conclusion
Observations from a two-month glider deployment along the
JONSIS line in the autumn of 2013 have been analysed to describe the
hydrographic properties and volume transport of the FIC and ESAI, the
northwestern inflows to the northern North Sea, at high spatial and
temporal resolution. Horizontal temperature and salinity gradients
Fig. 10. Top 10 panels. Daily-mean SST maps (°C) of the middle day of each glider section. The width of each partial section (dark blue) is plotted relative to the
width of the JONSIS line (light blue). The date of each map is in the bottom right-hand corner. Note that, although the colour bar limits are different, the colours of
each contour interval match those in Fig. 5. Bottom 10 panels. Daily mean surface velocity (vectors; m s−1; every fifth grid point is plotted for clarity) and speed (m
s−1) maps from AMM15. The key plotted in section 1 shows arrows of 25 cm s−1. The location of Fair Isle is indicated by the green circle in section 1. The days
plotted are the same as in the top panels.
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across the section give rise to southward thermohaline jets and which
tend to be associated with the eastward-upward tilt of the isopycnals
over AW and CAW intrusions. Our observations place the westward
limit of CAW at approximately 1°W, further west than it has previously
been observed. Thermohaline flow is appreciable even as stratification
decays during autumn. Baroclinic eddies, not previously observed in the
region, are visible in the thermohaline velocity distribution. The ex-
istence of thermohaline flow in the northwestern inflows has been long
established (e.g. Dooley, 1974; Hill et al., 2008; Turrell, 1992; Turrell
et al., 1992), but whereas previous studies have identified fairly broad
thermohaline jets of some 50 to 70 km across (e.g. Sheehan et al.,
2017), our results reveal the presence of multiple narrow jets with
widths of approximately 10 km. Previous studies have lacked sufficient
spatial resolution to separate individual thermohaline jets. Volume
transport in the northwestern inflows is dominated by the barotropic
component. The maximum velocities of thermohaline and non-ther-
mohaline flow are comparable: the dominance of the latter comes in-
stead from the broad spatial scales of non-thermohaline flow relative to
the narrow thermohaline jets. The limited width of the glider-occupied
section means that glider observations of transport do not capture the
entire flow of the inflows.
The weekly variability, both spatial and temporal, in the hydro-
graphy and transport of the northwestern inflows described here have
not been described in previous studies of the northwestern inflows (e.g.
Sheehan et al., 2017; Turrell et al., 1992). The region hosts diverse and
markedly different water masses of distinct coastal and oceanic origin.
We show that the distribution of key water masses changes on weekly
time scales and responds quickly to changes in the density distribution
brought about by the decay of seasonal stratification. The velocity
distribution responds to these changes. The evidence of variability
presented here adds to the difficulty of managing and limiting the in-
fluence of human activity on the North Sea. Future assessments of the
northern North Sea and of the northwestern inflows should account for
this variability when attempting to define a background state against
which future changes may be assessed. Future modelling efforts should
represent the spatial and temporal variability that we have identified.
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